Abstract. Background: In contrast to the previous studies using a 1.5-T magnetic resonance imaging system, our study was performed on a higher magnetic field strength, 3.0 T, to gain more valuable information on the functional brain anatomy associated with visual sexual arousal for discriminating the gender difference by increasing the detection power of brain activation. Methods: Twenty-four healthy subjects consisting of 12 males and 12 females underwent functional magnetic resonance imaging examination for this study. Brain activity was measured while viewing erotic videos. Results: The predominant activation areas observed in males as compared with females included the hypothalamus, the globus pallidus, the head of the caudate nucleus, the parahippocampal gyrus, the amygdala and the septal area, whereas the predominant activation in females was observed in the anterior cingulate gyrus and the putamen. Conclusion: Our findings suggest that the brain activation patterns associated with visual sexual arousal are specific to gender. This gender difference in brain activation patterns is more remarkable at higher magnet field (3.0 T) than at 1.5 T.
Introduction
Several lines of evidence have provided insight into the gender differences in the neural mechanisms responsible for the organisation and function in various species.
1,2 From invertebrates to humans, both males and females of a given species display identifiable differences in behaviour that mostly pertain to sexual and social behaviour. This phenomenon has been explained by biological, social and psychological differences between men and women. 3 Research papers [4] [5] [6] on sexual arousal in humans have been published to assess the functional anatomical differences and physiological changes in males and females through physiological methodologies and neuroimaging techniques in combination with statistical verification. A functional nearinfrared spectroscopy study 4 reported on gender differences in the timing and intensity of dorsolateral prefrontal cortex activation in response to a sexually explicit visual stimulus. Moreover, an eye-tracking study 5 reported that both men and women subjected to different aspects of the same visual sexual stimuli could reflect pre-existing cognitive biases that possibly contribute to sex differences for neural, subjective and physiological arousal. These studies mentioned above suggest that there is a considerable interest in the gender difference of brain activation in response to erotic visual stimuli.
The blood oxygenation level-dependent (BOLD) technique is a commonly used functional magnetic resonance imaging (fMRI) method, which has advantages over other neuroimaging techniques such as positron emission tomography because of its intrinsic merits of noninvasiveness and high spatiotemporal resolution. Therefore, the use of the fMRI provides valuable information on the neural mechanism(s) associated with sexual arousal. Moreover, with the advent of 3.0-T magnetic resonance imaging (MRI) systems, performance and image quality are even further enhanced compared with the 1.5-T systems. With an increase in the magnetic field strength, the functional signalto-noise ratio (SNR) also increases, which leads to enhanced detection power and spatial specificity. The functional SNR is the ratio between the intensity of a signal associated with changes in brain function and the variability in the data due to all sources of noise. Increased functional SNR can provide more information on brain activation in two ways. First, it is possible to identify more voxels as active at the same statistical threshold. Second, by increasing the statistical threshold, estimates can be improved for active voxels without changing the spatial extent of activation. specifically associated with sexual arousal included the amygdala, the anterior cingulate gyrus, the ventral striatum, the thalamus, the hypothalamus and the insula. It is interesting to note that other studies [11] [12] [13] have identified differences in brain activation patterns associated with sexual arousal between males and females using 1.5-T fMRI: the brain areas commonly activated in males more than in females included the amygdala and hypothalamus. They revealed that men become more aroused compared with women when watching sexually explicit films. In the commonly used 1.5-T MRI unit, it is much more difficult to demonstrate significant activation compared with the 3.0-T system, especially in the smaller anatomical structures, such as the septal area and hypothalamus, due to the low SNR of the BOLD signal. In other words, the higher field strength allows the use of smaller voxels, improving spatial resolution. For this reason, a combination of 3-T fMRI and a reduction in voxel size results in more informative results than does the 1.5-T MRI system.
The purpose of this study was to discriminate the differential brain areas in response to visual sexual stimulation between males and females using BOLD-based fMRI at 3.0 T, which is capable of providing a superior SNR and spatiotemporal as compared with 1.5-T systems.
Material and methods

Subjects and activation paradigm
Twenty-four right-handed subjects consisting of 12 males (age range: 23.5 AE 2.5 years) and 12 females (age range: 22.7 AE 2.9 years), who were all college students majoring in biological science and technology, participated in this study. None of the subjects had received any hormones. After a complete description of the study, informed consent was obtained from all subjects following the guidelines of our institutional review board. None of the participants displayed any symptoms of psychological disease or a personality disorder.
Sexual stimuli were presented in the form of a video clip. The erotic video was not disclosed in advance in order to increase sexual arousal in subjects. As for the activation paradigm, a traditional block analysis using contrast between the condition during the sexually arousing video and a resting condition was performed. The visual sexual stimulation began with a 1-min rest with a black screen, 3 min of stimulation by viewing of an erotic video and a 1-min rest. The erotic videos, which were edited and approved by a urologist and a psychologist with a major in sexuality, showed consensual sexual interactions between one man and one woman. However, the erotic video did not include an audio component. In our study, a thin white cross mark on black background screen was used as the rest condition so that the subjects could hardly feel any emotional or physical attraction, or cognition. Our study aimed only to identify the brain centres associated with gender differences in response to visually evoked sexual stimulation. The videos for visual stimulation were edited on a personal computer and were projected via a liquid crystal display projector (MP-3220, Hewlett-Packard Development Company, Palo Alto, CA, USA) onto a custom-built white screen in the MR room. Subjects viewed the screen through a mirror attached to the head coil in front of the forehead of the subject.The volunteers were asked to answer a questionnaire concerning the subjects' preconceptions of sexual behaviour using a quartile scale: 0 (very conservative), 25 (conservative), 50 (moderate), 75 (liberal) and 100 (very liberal). After completion of the fMRI exams, the volunteers answered another questionnaire on their subjectively perceived sexual arousal (0, no change; 25, minimal increase; 50, moderate increase; 75, large increase; 100, maximal increase) in response to the question 'To what degree were you sexually aroused?'
Acquisition of raw data of fMRI
Functional MRI was performed on a 3.0-T Forte MR Scanner (Isol Technology, Seoul, Korea) with a birdcage head coil. Functional images were acquired using a gradient-echo echo planar pulse sequence with the following parameters: repetition time Ä echo time = 3000 ms 35 ms -1 ; flip angle = 70
; field of view = 22 cm Â 22 cm; matrix size = 64 Â 64; number of excitations = 1; slice thickness = 5 mm. The number of slices acquired was 20. The first two phases of dummy scans were supplemented to circumvent unstable fMRI signals. In addition, high-resolution anatomical images of the whole brain were acquired with T1-weighted images (repetition time Ä echo time = 600 ms 14 ms 
Data analysis
The fMRI data were analysed by postprocessing and data analysis using Statistical Parametric Mapping (SPM2, Wellcome Department of Cognitive Neurology, University College London, London, UK) and our homemade software (functional and anatomical labelling of brain activation (FALBA)). 10, 14 Prior to statistical analysis, images were realigned utilising sinc interpolation to match each functional volume to the reference volume, and were spatially normalised to the standard stereotactic space corresponding to the template from the Montreal Neurological Institute space, which is a template created from 152 brain datasets. Bilinear interpolation was applied for normalisation. The images were then smoothed with an 8 mm full-width half-maximum Gaussian filter. No global scaling was used and the resulting time series across each voxel were high-pass filtered with a cut-off of 120 s. The individual data were analysed using a single-subject fixed effect model which was built by convolution of boxcar functions for the two conditions: sexually arousing video clips and the rest condition.
After specification of the appropriate design matrix, signal changes in the haemodynamic response function produced by the different experimental conditions were assessed at each voxel using a general linear model with a boxcar method. Statistical activation maps were obtained for the contrast between activation and resting. This analysis was performed in order to identify brain areas with an increased BOLD signal while viewing the erotic videos compared with the rest periods. Significant signal changes for each contrast were assessed by means of t-statistics on a voxel-by-voxel basis. The threshold at the voxel level value was set at uncorrected P < 0.05 with a spatial extent of at least 20 adjacent voxels.
For the group analysis of male and female subjects, the following regions of interest (ROIs), which are involved in sexual arousal in males and females, [9] [10] [11] [12] [13] were created using Wake Forest University Pick Atlas (Department of Radiology, Wake Forest University School of Medicine, Winston-Salem, NC, USA):
15 the hippocampus, the parahippocampal gyrus, the amygdala, the anterior cingulate gyrus, the septal area, the putamen, the globus pallidus, the caudate nucleus, the thalamus and the hypothalamus. The ROI mask was applied to the evaluation of the contrasting areas between males and females using two-sample t-test.
Results
Subjective response to visual sexual stimulation
After completion of the fMRI study, the subjects were asked to provide their perceived sexual arousal and preconceptions of sexual behaviour using a quartile scale ( Table 1 ). The reported scores of perceived sexual arousal were 39.6 AE 12.9 and 35.4 AE 12.9 in males and females, respectively, and the scores of preconceptions of sexual behaviour were 62.5 AE 16.9 and 58.3 AE 22.2, respectively. In the questionnaire for rating perceived sexual arousal, both males and females reported that the erotic videos were not disgusting but favourable to them. Figure 1 shows the differential activation patterns between males and females, which was analysed by a two-sample t-test for the ROI mask; Fig. 2 demonstrates the neuroanatomical details. Differential brain activities between two groups are summarised in Table 2 . The predominant activation areas observed in males more than in females included the hypothalamus, the globus pallidus, the head of the caudate nucleus, the parahippocampal gyrus, the amygdala, the septal area and the thalamus, whereas the predominant activation in females was observed in the anterior cingulate gyrus, the putamen and the thalamus. These brain areas are supposed to be involved in a specific role for the gender difference related to sexual arousal.
Differential activation patterns between males and females
Discussion
Several studies 7, 16 have been published in the literature describing the advantage of 3.0 T over 1.5 T in fMRI. Kranow et al. 16 examined the effects of magnetic field strength on several different tasks, including perceptual, memory and emotional processing paradigms, comparing 1.5 T and 3.0 T. They found that across the brain regions, there were substantial increases in the number of activated voxels with increasing field strength in a cognitive task, suggesting that detection power throughout the brain improved with field strength. 7, 16 The use of an MRI system with a higher magnetic field provides higher signal intensity in fMRI because of its stronger magnetic susceptibility effects. 17 All of the fMRI studies [11] [12] [13] concerning gender differences of sexual arousal have been performed on a 1.5-T MRI system and these studies were not able to investigate the smaller brain centres, such as the septal area, because of the dominant effect of large vessels at such a low magnet field (1.5 T). As shown in Table 2 , our study demonstrated the predominant activation areas observed in males rather than females: the hypothalamus, the globus pallidus, the head of the caudate nucleus, the parahippocampal gyrus, the amygdala and the septal area. Activation of the hypothalamus and amygdala in males was also reported in the previous 1.5-T fMRI studies. [11] [12] [13] However, it should be noted that activation of the septal area was observed in male subjects with the help of a higher magnetic field in the 3-T MRI system. This area is extensively interconnected with the amygdala and hypothalamus, and is related to hypothalamic activity and sexual arousal. 18 Numerous animal studies 19, 20 have considerably clarified the role of the septal area associated with sexual function and behaviour. Also, the septal area has been implicated in the control of sexual arousal in human males. 21, 22 Although extensive animal studies have found activation in the septal area with sexual stimuli in males, most neuroimaging studies 21, 22 concerned with correlations between sexual response and activation of the septal area in humans have not yet been discussed. Activation of the septal area noted in our study using a 3-T MRI system would be helpful to assess the neural mechanisms of sexual arousal in males.
The other brain structure with predominant activation in males rather than females included the hypothalamus (P < 0.005). Activation of the hypothalamus in male subjects suggests that males became physiologically more aroused to the erotic visual stimulus compared with females. In animal studies, the paraventricular nucleus of the hypothalamus, lateral hypothalamus and preoptic area appeared to be involved in erectile functions. 23 Redoute et al. 20 found a significant correlation between activation in the hypothalamus and measures of penile tumescence in human males using positron emission tomography. One possible explanation for this gender difference is that the hypothalamus may be involved in the physiological reaction to sexual stimuli, such as erection, or that sexual arousal activates the hypothalamic gonadal axis, resulting in increased steroid secretion, as seen in men following sexual activation. 24 Moreover, Temel et al. 25 suggested that the most important structures involved in penile erection are the frontal lobe, the amygdala, the thalamus and the hypothalamus in males. Especially, increased tumescence was associated with activation of the globus pallidus and the caudate nucleus. 18 Activation of the amygdala, the thalamus and hypothalamus, the globus pallidus and the caudate nucleus in our study may reflect recognition of penile erection.
In addition to activation of the hypothalamus, the amygdala was predominantly activated in male subjects. Several fMRI studies 12, 13 have also demonstrated greater activation of the amygdala in males than in females in response to sexual stimuli. The amygdala has multiple functions and although processes related to emotional arousal are clearly of prime importance, in a specific context, other roles may take precedence to determine amygdala activity. Hamann et al. 13 suggested that amygdala activation based on sex differences was independent of the degree of subjective sexual arousal for both sexes and purely reflected the sex differences. In particular, a larger amygdala size is related to higher sexual drive in humans, further supporting the role of the human amygdala in sexual motivation. 26 Moreover, it has been suggested that the amygdala mediates sex differences in memory for emotional visual stimuli. 27 Thus the hypothalamus, the globus pallidus, the head of the caudate nucleus, the parahippocampal gyrus, the amygdala and the septal area observed in our study may reflect the higher level of sexual arousal in males than in females.
The thalamus, another interesting area in our study, showed significant activation in both males and females. The males, in contrast with the females showed higher activity in the left thalamus, whereas the females showed higher activities in the right thalamus. Several fMRI studies 10, 28 have demonstrated thalamus activation during sexual arousal in males and females. The thalamus can transmit input information of sense and consciousness to the cerebral cortices including the frontal, temporal and occipital lobes. As the extensive interconnectivity of the thalamus has been supported by a previous neurological study, 29 we expected to identify a connection between the cerebral cortices and the thalamus for sensory information. The thalamus may be a hub of activation areas related to sexual arousal and could be implicated as a cognitive factor of sexual arousal both in males and females.
Most studies [11] [12] [13] have identified the brain areas that are predominantly activated in males more than in females; however, the fMRI studies for the areas predominantly activated in females more than in males have not yet been completely specified. Our study demonstrates the brain areas predominantly activated in females more than in males include the anterior cingulate gyrus and putamen (Table 2 ). These results are partly similar to the brain areas commonly activated in women during exposure to sexual arousal stimuli. 10, 11 The anterior cingulate gyrus of the internal components of the limbic system is related to the emotional processing of sexual arousal, and this area has been implicated in the induction and control of affective behaviour for sexual arousal. 30 Beauregard et al. 8 reported that attempted inhibition of the sexual arousal generated by viewing the erotic stimuli was associated with activation of the anterior cingulate gyrus. Thus this area associated with the inhibition of sexual arousal showed higher brain activity in females than in males. However, these results in females cannot be clearly explained by a correlation between activation areas and sexual stimulation because of the lack of physiological measures of sexual arousal. The brain areas predominantly activated in females need to be elucidated with further investigations.
There are some limitations in this study. First, the participants included females without consideration of the menstrual cycle. The phases of the menstrual cycle include the follicular phase and luteal phase, which bring about fluctuations in hormone levels at different times of the month. The peak levels of luteinising hormone and follicle stimulating hormone fall in the middle of the menstrual cycle when females of various species become sexually more responsive. 31 However, evidence for an association between the modulation of sexual receptivity or arousal, and phases of the menstrual cycle in females appears inconsistent and even contradictory. 11 In addition, both the brain areas predominantly activated in males more than in females in the luteal phase and the menstrual phase were the same. 12 Second, we used a thin white cross mark on a black background screen as the resting condition, towards which the subjects hardly felt any emotional or physical attraction, or cognition. We assumed that the emotional feelings of males and females were different from each other when viewing neutral stimuli. Therefore the resting stimulus was selected to be a proper control condition to minimise gender differences between the responses to neutral stimuli. Third, the participants rated their sexual arousal as being below the average level, but this level is similar to that in the previous study 11 at 1.5 T. Although the reported sexual arousal was between a minimal and moderate levels, the perceived sexual arousal score range in females was about the same as in males. The fourth limitation of this study is concerned with the lack of objective measurements of sexual arousal such as penile tumescence in males and vaginal blood volume in females. However, the visual sexual stimuli had been assessed for their erotic effect as shown in Table 1 .
This study was conducted to discriminate the activated brain areas in response to visual sexual stimulation between males and females using an fMRI with higher magnetic field strength (3T) for the first time. We validated the clinical usefulness of 3-T fMRI in our findings that the differential neural activation pattern associated with sexual arousal is specific to gender. This finding will be useful in understanding gender differences in neural mechanisms on sexual arousal.
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